Since parvoviruses apparently do not possess a DNA polymerase activity, one or more of the host cell DNA polymerases must be responsible for replicating the single-stranded DNA genome. We have focused on determining which polymerase, alpha, beta, or gamma (pola, pol3, or poly, respectively), is responsible for the first step in bovine parvoviral DNA replication: conversion of the single-stranded DNA genome to a parental replicative form (RF). In this study, we used aphidicolin, a specific inhibitor of DNA polot, to assay for the requirement of pola activity in parental RF formation in vivo. Synchronized cell cultures were infected with bovine parvovirus with or without aphidicolin, and the products of viral replication were separated on agarose gels and identified by Southern blot analysis. We found that complete inhibition of viral DNA synthesis resulted when 20 pFM aphidicolin was present throughout the infection. In addition, viral DNA synthesis was inhibited by as little as 1 ,uM aphidicolin, whereas lower concentrations (0.1 and 0.01 FM) resulted in partial inhibition of the replication process. Using 32P-labeled bovine parvovirus as the input virus we differentiated parental RF from daughter RF and progeny DNA synthesis. We conclude that DNA polot is required for the production of RF during bovine parvovirus replication in vivo and that this requirement is most likely for the conversion of bovine parvovirus input single-stranded DNA to parental RF. These results do not rule out a possible role for DNA poly in the first step, nor do they rule out a role for polot or pol-y in later stages of the replication cycle.
Parvoviruses are small, unenveloped DNA viruses com posed of three or four major capsid proteins and a linear single-stranded DNA (ssDNA) genome with hairpins at both termini (28, 30) . Replication of these viruses occurs exclusively in the nucleus of host cells and is cell cycle dependent, requiring an S-phase function for initiation of DNA synthesis (11, 18, 20, 27, 31, 33) . Several models have been proposed for parvoviral DNA replication (1, 2, 19, 29) . The first step in each model involves self-priming of the ssDNA genome at the 3' terminus (26) and formation of a double-stranded DNA (dsDNA) replicative form (RF) that is covalently closed at the original 3' end (parental RF). The second phase involves replication of the parental RF through a possible dimer intermediate to daughter RF molecules, which may or may not be covalently closed. These serve as the template for the production of progeny genomes. Although the exact requirement(s) for viral proteins in the replication cycle is unknown, there is no virion-associated DNA polymerase (14) , nor is there any evidence to suggest that a virally coded DNA polymerase exists. Therefore, one or more of the cellular DNA polymerases, alpha (pola), beta (polp), or gamma (pol'y), must be responsible for viral DNA synthesis.
The activity of both DNA pola and poly on parvoviral DNA has been previously studied in vitro. Purified DNA pol-y was able to utilize the 3' hairpin as a primer and replicate the viral DNA to a unit length RF (8; A. T. Robertson, R. C. Bates, and E. R. Stout, Fed. Proc. 41:1196 . Studies with polymerase inhibitors in isolated nuclei led Goulian and co-workers (9) to conclude that poly was responsible for the first step of the replication process in vivo. In addition, partially purified DNA pola (3) and purified pola reconstituted with specific protein cofactors (but not purified polot alone) (16) utilized the parvoviral DNA template. Studies with specific inhibitors indicated that in vitro polot functioned in parvoviral DNA replication in both isolated nuclei (9) and a nuclear lysate system (15) . Moreover, in vivo levels of DNA polcx increased during the parvoviral infection cycle (13) . We have undertaken a series of in vivo experiments aimed at identifying the DNA polymerase requirements for the synthesis of viral RF DNA. We used bovine parvovirus (BPV), which possesses the largest genome of the autonomous parvoviruses (5,500 bases) (21) , and aphidicolin, a tetracyclic diterpenoid from Cephalosporium aphidicola that specifically inhibits DNA polox (6, 23) . In this report, we used a synchronized cell system and Southern blot analysis to examine the ability of aphidicolin to block the production of viral RF DNA. We found that aphidicolin inhibited viral RF DNA synthesis, which indicated that cellular DNA pola is required for BPV DNA replication in vivo.
MATERIALS AND METHODS
Virus grawth and purification. BPV stocks were prepared as described previously (11) . For preparation of 32P-labeled virus, bovine fetal lung (BFL) cells were infected with 1.0 PFU of BPV per cell. When 20% cytopathic effect was observed, the medium was changed to phosphate-free minimal essential medium containing 10% dialyzed fetal bovine serum and 50 ,uCi of 32p, per ml. At 100% cytopathic effect, the cells were harvested, frozen, and thawed, and BPV was isolated by CsCl centrifugation.
Cell culture, synchronization, and infection. To obtain synchronized cell cultures, BFL cells were seeded into 60-mm petri plates (500,000 cells per plate) in the presence of 2 mM hydroxyurea (12 Prehybridization and hybridization were performed for 24 h each at 42°C in the presence of 50% formamide by method I in the Gene Screen instruction manual. All gels were probed with 3 x 106 dpm of nick-translated BPV DNA (specific activity, 2.5 x 107 to 3.7 x 107 dpm/p.g). After hybridization, the membranes were washed, dried at room temperature, and exposed to Kodak SB-5 X-ray film with a Cronex Lightning-Plus intensifying screen at -80°C. Calculations based on the specific activity of the probe and the number of cells electrophoresed per gel lane indicate that, with this technique, we should be able to detect, at the minimum, 1 (Fig. 2A) .
The second step in the replication process is postulated to be conversion of parental RF to daughter RF molecules. This was monitored as an increase in intensity of the monomer dsDNA band up to 26 h p.i., when progeny ssDNA was first detected ( Fig. 2A and B, lanes 4 through 10) . Although the dimer DNA band never increased in intensity over that seen early in infection, other viral specific DNA of all sizes was greatly increased (dark smear in Fig. 2A tion process was greatly inhibited. ssDNA was detected through 18 h p.i. (Fig. 2C, lanes 2 through 8) , and detectable dsDNA did not increase over input (compare Fig. 2A (Fig. 1) .
It is well established that parvoviruses require a late Sphase function for DNA synthesis (11, 18, 20, 27, 31, 33) . Therefore, to insure that we were observing inhibition of DNA pola activity and not indirect inhibition of other factor(s), aphidicolin was added at 1, 3.5, 6, and 8 h p.i. This enabled us to specifically inhibit viral DNA synthesis, which began at 8 h p.i. (Fig. 2A) , while allowing cell DNA synthesis to occur normally. Viral DNA synthesis was completely inhibited for up to 37 h p.i. when aphidicolin was added as late as 6 h p.i. (Fig. 3, lanes 1 through 11) . In all cases, ssDNA was visible until 26 h p.i., but had disappeared by 37 h p.i. When aphidicolin was added 8 h p.i., only minor amounts of dsDNA were detectable (Fig. 3, lanes 12 through  15) . Comparison of autoradiograms of different exposure times suggested that this amount was less than 2% of that seen during the normal infection.
Analysis of the conversion of input DNA. Once viral DNA synthesis begins, daughter RF molecules and other RFs accumulate, rapidly masking the fate of input DNA when observed on a probed blot ( Fig. 2A) . To circumvent this problem, cells can be infected with 32P-labeled virus. However, the low specific activity of the 32P-labeled input DNA and the high particle/infectivity ratio of the parvoviruses (300:1 to 400:1) make it difficult to follow, conclusively, the fate of the infecting genome (32) . To overcome both problems, cells were infected with 32P-labeled virus (105 cpm/,ug; 300,000 cpm per plate), and the DNA was isolated at various times p.i., electrophoresed on 1.4% agarose gels, blotted, and exposed for autoradiography before and after probing. For a direct comparison between aphidicolin-treated and normal infections, corresponding samples were analyzed on the same gel. On the unprobed blot, a dsDNA species was detectable throughout the normal viral infection cycle (Fig.  4A) . By 12 h p.i., ssDNA was no longer seen (Fig. 4A, lanes  3 through 6) . (Fig. 5) .
The total amount of virus-specific DNA synthesized in the experiment shown in Fig. 5 was measured by a dot-blot c assay (Fig. 6A) We assumed that the residual virus-specific DNA seen at high concentrations of aphidicolin (Fig. 6A) represented input BPV DNA. To verify this, samples were electrophoresed on 1.4% agarose gels, blotted, and probed ( Fig. 6B and  C) . With 1.0 F.M or greater aphidicolin, there was no evidence that viral DNA replication had occurred (Fig. 6B and C, lanes 4 through 6). Even when the autoradiograms were exposed for 2 weeks, no BPV-specific DNA other than input DNA was seen (data not shown). However, when 0.01 or 0.1 F.M aphidicolin was added, viral DNA replication did occur ( Fig. 6B and C, lanes 2 and 3) . In this case, the major viral DNA bands seen were dsDNA and the 4.5-kb band, whereas BPV ssDNA was not visible at 35 h p.i. Autoradiograms of a normal or aphidicolin-inhibited infection of 32P-labeled BPV before and after probing. 32 P-labeled BPV (300,000 cpm per plate) was used to infect synchronized BFL cells. Samples from the normal and aphidicolin-treated infections were electrophoresed on the same gel, blotted onto Gene Screen. and exposed before and after probing with nick-translated 32P-labeled BPV DNA as in Fig. 2A probed blot (Fig. 4C, lanes 2 through 6) , it was obvious that the conversion of ssDNA to RF had occurred. When aphidicolin was added, ssDNA was visible throughout the infection cycle on the unprobed blot (Fig. 4B) . When the blot was probed (Fig. 4D) , ssDNA was still visible, and the intensities of the DNA bands were not increased (compare Fig. 4B and  D) .
Effect of various concentrations of aphidicolin on DNA synthesis. To determine the effect of various concentrations of aphidicolin on DNA synthesis, cells were ed to require a cellular function that is not available (24) or expressed (or both) until the mid-to late-S phase (33) . In our experiments, BPV ssDNA was not converted to RF until 8 to 10 h p.i., or 4 to 6 h after the peak of the cellular S phase. During a normal infection, ssDNA remaining after this point was, apparently, degraded. This is consistent with the results of others (32, 33) , who showed that input MVM ssDNA was not converted to parental RF until the mid-S phase. However, when aphidicolin was present, ssDNA was detectable until as late as 26 h p.i., and there was no visible increase in the amount of dsDNA. Even when the cellular S phase was allowed to proceed, by delaying the addition of aphidicolin until 6 h p.i., synthesis of RF still was not seen. If the addition of aphidicolin was delayed to 8 h p.i., only in some experiments were small amounts of dsDNA observed. These probably are ssDNA genomes that were converted to RF just before the addition of aphidicolin. These results indicate that the ability of aphidicolin to inhibit RF production is due to a direct effect on DNA polao and not an indirect inhibition of another S-phase function(s).
Aphidicolin completely inhibited BPV DNA replication at concentrations down to 1.0 p.M. Thus, BPV RF synthesis is at least as sensitive to aphidicolin in vivo as is cellular DNA synthesis. This is unlike results obtained with adenovirus (10) and previous results obtained in vitro with Hi parvovirus (9) , where viral DNA synthesis was less sensitive to aphidicolin than was cellular DNA replication. The disparity between our results and those obtained with Hi probably reflect differences in both the stages of replication being examined and the assay systems being used (in vitro versus in vivo). When we used Hi or LuII parvovirus in our standard in vivo experiment (i.e., 20 puM aphidicolin), complete inhibition of viral DNA synthesis was observed (data not shown).
At concentrations of aphidicolin less than 1.0 ,uM (0.01 and 0.1 ,uM) BPV replication was reduced. By gel analysis, the major BPV-specific DNA forms were unit-length RF and a band of approximately 4.5 kb. This 4.5-kb band consistently appeared at the time of conversion of the ssDNA genome to RF. Although it may or may not represent defective genomes, it seems to be a normal byproduct of the replication cycle.
To monitor the fate of 32P-labeled BPV input DNA and to control for the high particle/infectivity ratio of parvoviruses, autoradiograms were made from blots both before and after probing. Before probing the blot containing DNA from the normal infection, we were unable to detect the increase in RF, due to the high background levels of dsDNA that had resulted from reannealing of genomic plus and minus strands. However, after probing, the visible increase in BPV-specific DNA indicated that replication had occurred. On the blot of the aphidicolin-treated samples, the presence of ssDNA throughout the infection cycle and the inability of the probe to identify any new BPV-specific bands, or intensify bands already present, demonstrated that replication had not occurred.
By these methods, we could detect as few as one genome equivalent per cell and therefore should have been able to detect conversion of the ssDNA genome to the parental RF. However, it is possible that in the presence of aphidicolin, low levels of RF synthesis could have been masked by input dsDNA. We used alkaline gel electrophoresis in an attempt to circumvent this problem. But, since parental RF was nicked as soon as it was produced (unpublished observation), alkaline gels could not be used to distinguish between parental RF and fully linear dsDNA until late in infection, when there is an accumulation of hinged species. However, as opposed to a normal infection, alkaline gels of aphidicolininhibited cells never displayed virus-specific forms greater than unit length. In addition, even when 1-p-D-arabinofuranosylcytosine (an inhibitor of both DNA pola and poly) was used in place of aphidicolin, we observed no difference in viral DNA synthesis over that seen when pola activity alone was blocked. These data suggest that polao activity is required for the first step of BPV DNA replication. However, these results do not rule out the possibility that both pola and poly activities are necessary for the production of parental RF. Previous studies with subcellular systems to study parvoviral DNA replication have focused on the in vitro polymerase requirements for later stages in the replication cycle (9, 15, 17) . Data obtained with partially purified (3; Robertson et al., Fed. Proc. 41:1196 or purified enzyme preparations (7, 8, 16 ) have led to conflicting results concerning the polymerase requirements for the first step in parvoviral DNA replication. The data presented in this report clearly demonstrate a requirement for pola in the production of BPV RF DNA in vivo and strongly suggest that this requirement for pola occurs at the first step in the replication process. These data do not rule out a role for DNA pol-y in this step, nor do they exclude a role for pola or pol-y in other steps of the replication cycle. We are currently undertaking experiments aimed at identifying the polymerase requirements for later stages in BPV DNA replication.
